To reduce energy consumption and protect the environment, a type of hollow shale block with 29 rows of holes was designed and produced. This paper investigated the thermal properties of hollow shale blocks and walls. First, the guarding heat-box method was used to obtain the heat transfer coefficient of the hollow shale block walls. The experimental heat transfer coefficient is 0.726 W/m 2 ⋅K, which would save energy compared to traditional wall materials. Then, the theoretical value of the heat transfer coefficient was calculated to be 0.546 W/m 2 ⋅K. Furthermore, the one-dimensional steady heat conduction process for the block and walls was simulated using the finite element analysis software ANSYS. The predicted heat transfer coefficient for the walls was 0.671 W/m 2 ⋅K, which was in good agreement with the test results. With the outstanding self-insulation properties, this type of hollow shale block could be used as a wall material without any additional insulation measures in masonry structures.
Introduction
Worldwide, economic development has been increasingly restricted by a shortage of natural resources [1] . Furthermore, economic growth results in problems such as destruction of the environment and resource waste. To improve this situation and to promote building energy efficiency, the traditional solid clay bricks have been officially forbidden in building construction, promoting the study and application of new wall materials [2] .
Currently, there are many types of new wall materials, such as small concrete hollow block, aerated concrete block, and small hollow fly ash block. However, none of these wall materials are self-insulating, and certain external wall thermal insulation measures are required. External insulation measures for exterior walls are widely used in construction despite some obvious shortcomings such as easily falling off, short service life, and low safety. Furthermore, in traditional brick masonry, the thickness of mortar joints varies from 8 mm to 12 mm, easily forming obvious thermal bridges and resulting in significant energy loss.
Over the past 40 years, a variety of insulation sintered hollow blocks have been developed, such as those proposed by Porothem, Klimation, Poroton, Thermopor, Unipor, Monomur, and Thermoarcilla [3] . All of these blocks have the merits of low density, high hole rate, high surface smoothness, and good thermal performance. Zhu et al. [4] investigated the thermal properties of recycled aggregate concrete (RAC) and recycled concrete blocks. Sodupe-Ortega et al. [5] manufactured a type of rubberized long hollow block and studied the technical and economic feasibility of producing these blocks using automated brick machines. Zhang et al. [6] studied the thermal performance of concrete hollow blocks using FEM simulations. Fan et al. [7] described a new building material named expanded polystyrene recycled concrete and conducted corresponding numerical simulations for hollow EPSRC blocks and thermally insulating walls based on thermodynamic principles. In recent works, numerical simulation methods have been proposed by Del Coz Díaz et al. [8] [9] [10] [11] for studying various types of walls made of different light concrete hollow bricks. Li et al. [12] presented the development of a simplified heat transfer model of hollow blocks for simple and efficient heat flow calculation.
Hollow shale block consists of shale as the main raw material, sawdust as the pore-forming agent, and industrial wastes such as fly ash, steel slag, and wastepaper chips as auxiliary materials. All of these raw materials are fired following a certain production process to make a new energy-saving and environmentally friendly wall material that has the advantages of light weight, large size, high hole rate, and high smoothness. Meanwhile, hollow shale blocks make full use of the abundant shale resources to save farmland. During the process of building walls with hollow shale blocks, a mortar joint construction technology with a thickness of 1∼ 2 mm is developed to significantly reduce the heat loss caused by structural thermal bridges. Excellent thermal insulation properties and energy efficiency of residential buildings in severe cold and cold areas are expected to be achieved in external walls without external insulation measures. Wu et al. [13] investigated the mechanical and thermal properties of fired hollow block walls. Bai et al. [14, 15] studied the seismic behavior of fired heat-insulated shale block walls with ultrathin mortar joints.
The heat transfer coefficient is one of the most important parameters for evaluating the thermal performance of walls. For a specified ambient temperature, the lower the heat transfer coefficient is, the less the heat dissipated through the wall is. Currently, the heat transfer coefficients of walls are mainly determined by on-site measurements or lab testing [16] . In this study, the heat transfer coefficients of hollow shale block walls were obtained from lab testing and compared with the theoretical calculation and finite element simulation results. Section 2 presents detailed dimensions, production procedures, chemical components, and mineral composition of the hollow shale block. sodium feldspar, kaolinite, and illite. The corresponding XRD spectrum is shown in Figure 2 . After mining, crushing, and fine grinding, shale is one of the most promising new wall materials to replace sintered clay brick due to its abundant storage quantities and easy mining.
Hollow Shale Block

Pore-Forming Agent.
The function of the pore-forming agent is to produce a large number of pores during the sintering process to take advantage of the lower thermal conductivity coefficient of air. Therefore, the pore-forming agent can effectively enhance the insulation performance of hollow shale blocks and reduce their weight, which improves the seismic performance. Considering energy conservation, resource recycling, and environmental protection, sawdust was selected as the pore-forming agent for the hollow shale blocks. As the scrap material of wood processing, sawdust has many advantages when used as the pore-forming agent. Sawdust is mainly made of plant fiber that is stable, and loss on ignition can be as high as 98.49%. The pore-forming can generate many pores inside blocks and enhance the thermal insulation property. In addition, sawdust is also plentiful, cheap, and easy to obtain.
Industrial Wastes.
Fly ash, steel slag, and waste paper chips were added during the sintering process as auxiliary materials.
Production Procedure.
As a new type of energy-saving wall material, the production process of hollow shale blocks includes grinding, aging, stirring, extrusion, incision, drying, setting, and high temperature sintering. Most of the processes are automated. The production process of hollow shale blocks is illustrated in Figure 3 .
Experimental Details
To verify the applicability of the hollow shale blocks, the thermal performance testing of the masonry walls was conducted in accordance with Chinese codes [18] .
Specimens.
Test walls with dimensions of 1650 mm × 1650 mm × 365 mm (length × height × width) were built using the hollow shale blocks (see Figure 4) . The void ratio of a hollow shale block is as high as 54%, and its compression strength grade reaches 10 MPa. In addition, its honeycomb mesh structure can provide excellent thermal insulation performance. Three specimens were built, and the horizontal mortar joint thickness ranged from 1 mm to 2 mm. Because there was no vertical mortar joint in the test walls, tongue-and-groove connections were used to interlock and strengthen the hollow shale block walls. After the specimens had been fully dried with maintenance for 20 days, the thermal performance was tested.
Test Apparatus.
The schematic of the steady-state heat transfer performance test device is shown in Figure 5 , which was designed according to Chinese code GB/T13475-2008 [18] and the guarding heat-box method, as illustrated in Figure 6 .
Because the protection box in the guarding heat-box method encircles the metering box, the heat flux through the metering box wall ( 3 ) and the heat flux of the flanking loss ( 2 ) can be reduced to negligible levels if the internal air temperatures of the protection box and metering box are equal. Theoretically, if a homogeneous specimen is installed in the device whose inside and outside temperatures are uniform, the specimen's surface temperature will be at steady state. In other words, the heat flux through the metering box walls would be equal to the heat flux of the flanking loss ( 2 = 3 = 0). However, the heat transfer coefficient of a real homogeneous specimen is always uneven, especially for the parts near the edges of the metering box. Therefore, the surface temperatures of the specimens and close to the metering box are uneven, and the heat flux through the metering box wall ( 3 ) and the heat flux of the flanking loss ( 2 ) cannot actually be reduced to zero. In the present work, 2 and 3 can be obtained using the standard calibration test. Furthermore, the heat transfer coefficient can be calculated using
Eq. (1) includes the following variables: thermal power inlet , heat flux through the specimen 1 , surface temperature on the warm side , surface temperature on the cold side , air temperature on the warm side , air temperature on the cold side , surface area of the specimen , and thermal resistance . 
Testing Procedure
(1) After 20 days of natural air drying, the specimens were installed in the test machine. The seam crossing parts between the specimen and the specimen box were filled with a foaming insulation agent for sealing, as shown in Figure 7 (a). (2) The length of the locating rods connected to the temperature sensors inside the cold box and heat metering box were checked and adjusted, as shown in Figure 7 (b). (3) After the test machine had run for more than 20 hours for each specimen and the range of heating power values was between 0.5 W and 3 W, the whole system could be regarded to be at a thermal steady state. Then, the measured data were collected every half hour, and the average value of the test results was calculated.
Experimental Results and Discussion.
Based on the test results of the three hollow shale block walls, thermal parameters such as the heat transfer coefficient, thermal resistance, and total thermal resistance were calculated and are listed in Table 2 .
The results indicate that the heat transfer coefficient of hollow shale block walls is 0.726 W/(m 2 ⋅K), which meets the design standard for the energy efficiency of public buildings in GB50189-2005 [19] .
Heat transfer coefficient and thermal resistance of different wall materials which are measured by the same equipment and same testing methods are shown in Table 3 according to the research of Yang et al. [20] and Wu et al. [13] and technical specification for concrete small-sized hollow block masonry buildings of China JGJ/T2011 [21] . The heat preservation effect of the hollow shale block walls is 3.16 times higher than that of traditional clay brick walls, 3.11 times higher than that of concrete block walls, and 1.69 times higher than that of recycled concrete blocks walls. As a building envelope material, hollow shale blocks can not only improve the heat preservation and heat insulation performance of buildings but also make the indoor thermal environment more comfortable, especially in cold regions.
Theoretical Calculation of the Heat Transfer Coefficient of Hollow Shale Block Walls
Building envelopes can be categorized as single-layer walls, multilayer walls, and combination walls according to their composition. A multilayer wall, such as a double-sided plastered brick wall, is composed of several layers of different wall materials along the direction of heat flow. The total thermal resistance of a multilayer wall is the sum of the thermal resistance of each single-layer wall. Assuming that the heat transfer is a one-dimensional steady heat transfer 6 Advances in Materials Science and Engineering process, the multilayer wall parallel to the direction of heat flow can be divided into several areas whose interfaces are determined according to the material layer composition [22] . The average thermal resistance of a multilayer wall can be calculated as follows [18] :
where is the average thermal resistance, 0 is the total heat transfer area perpendicular to the direction of heat flow, is a correction factor, which is 0.86 for hollow shale block, 1 , 2 , . . . , are the divided areas parallel to the direction of heat flow, 0,1 , 0,2 , . . . , 0, are the thermal resistances of heat transfer surfaces, is the thermal resistance of the inner surface, which is 0.11 m 2 ⋅K/W, and is the thermal resistance of the outer surface, which is 0.04 m 2 ⋅K/W [18] . Hollow shale blocks with 29 rows of holes are multilayer walls. Their average thermal resistance can be calculated using the method mentioned above. For convenience, the tongue-and-grooves on the side surfaces are neglected. The detailed area division is illustrated in Figure 8 .
The total heat transfer surface of a hollow shale block perpendicular to the direction of heat flow is divided into 21 areas. All of these heat transfer areas are multilayer except for areas 1 and 2. The thermal conductivity of sintered shale material is 0.463 W/(m⋅K), the thermal resistance of an 8 mm air layer is 0.12 m 2 ⋅K/W, and the thermal resistance of a 32 mm air layer is 0.17 m 2 ⋅K/W. The results of the thermal resistance calculation are listed in Table 4 .
The average thermal resistance of hollow shale blocks can be obtained using (2): = 1.688 m 2 ⋅K/W. The average heat transfer coefficient can be obtained as follows:
Assuming that the thickness of the horizontal mortar is 2 mm and taking a block and a horizontal mortar joint as the typical unit, the heat transfer coefficients is
Advances in Materials Science and Engineering where 0 and 1 are the lateral areas of the hollow shale block and mortar joint, respectively, and 0 and 1 are the heat transfer coefficients of the hollow shale blocks and mortar joint, respectively. Compared with the experimental test results, the theoretical calculated values of 0 and of the hollow shale blocks are smaller due to the simplification on both sides of the hollow shale block.
Numerical Simulation Using the Finite Element Method
FEM Model.
To provide an alternative thermal analysis and design of the hollow shale block, an FEM model using the three-dimensional thermal element SOLID70 was developed using the ANSYS package, as shown in Figure 9 . Considering the thermal resistance effect between air layers, the holes in the blocks were treated as solid elements with the parameters of the air interlayer property. The heat flow between different materials was regarded as a continuous process. According to the temperatures of the hot chamber and the cold chamber, the heat transfer coefficient and temperature loads were defined on the surfaces of the blocks. The internal surface temperature is 30 ∘ C, and the external surface temperature is −10 ∘ C.
In fact, parameters for FEM simulation are crucial to reasonable calculation results. In present FEM models, values of the parameters needed to be given were set based on the thermal design code for civil building of China [23] . The convective heat transfer coefficients of the inner surface (guarding heat-box) and outer surface (cold box) of the hollow shale block wall are 8.7 W/(m 2 ⋅K) and 23.0 W/(m 2 ⋅K), respectively. The thermal conductivity of sintered shale material is 0.463 W/(m⋅K), the thermal conductivity of an 8 mm air layer is 0.067 W/(m⋅K), and the thermal conductivity of a 32 mm air layer is 0.188 W/(m⋅K). The thermal conductivity of the mortar is 0.339 W/(m⋅K). Because there is no vertical mortar joint, the influence of the vertical connections can be neglected in the FEM model. The vertical joint between shale blocks was symmetrical, and the symmetry plane was considered to be an adiabatic boundary, meaning that there was no heat exchange on either side of the symmetry plane. The corresponding FEM meshes and loading process of the walls are shown in Figure 10 , in which the boundary conditions and temperature simulation are the same as those of the shale block.
Simulation Results.
The simulated temperature field and heat flow density for the hollow shale block are shown in Figure 11 . It is observed that the temperature distribution in the block varies linearly along the direction of heat flow and is distributed uniformly. The heat flux density and temperature gradient of the hollow shale block gradually increase from outside to inside. The heat flux density and temperature gradient are small for the air interlayer inside the block but larger on the rib between air interlayers along the direction of heat flow. In addition, the most heat dissipation per unit area occurs in the ribs of the hollow shale block. It is easy to determine that the internal air layer is beneficial for prevent the heat loss. Figure 12 displays the simulation results of the hollow shale block wall. In the vertical junction of two blocks, there is no air interlayer along the direction of heat flow, especially around the edges of the blocks, where the heat flow is strong and the temperature gradient significantly changes. Conversely, the heat flow is small and the change in the temperature gradient is not as large on the horizontal mortar joints. The heat flux density vector also indicates that there is less heat loss through the horizontal mortar joints. The heat transfer effect of the hollow shale blocks depends on the masonry mortar, the quality of the wall masonry, and the mortar joint thickness. The 2 mm mortar joints of the hollow shale block wall are sufficiently thin that their influence on the thermal properties can reasonably be neglected.
Although the heat transfer coefficient cannot be directly obtained from the FEM simulation results, it can be calculated based on the following formula:
where is the average value of heat flux, which can be taken from the heat flow density distribution map, is the thickness of the wall, and Δ is the temperature difference between the internal and external surfaces of the wall. The heat transfer coefficient of the hollow shale block walls obtained using this method is 0.671 W/m 2 ⋅K, which is less than the experimental value but greater than the theoretical result in Section 4.
Compared with the experimental results, the theoretical values and FEM simulation results of the heat transfer coefficients of the hollow shale blocks are smaller. The possible reasons for the difference are as follows:
(1) There are cracks on the surface or internal damage formed during transportation of the blocks, which will affect the thermal performance of the masonry wall. (2) In the process of masonry, when two blocks interlock each other tightly, several closed air layers will emerge between two blocks theoretically. However, due to the deflections of the blocks in the production process, the air layers between two blocks may be interlinked inside and outside the wall which will cause heat loss through this channel and affect the thermal performance of the wall.
Besides the experimental and numerical methods, analytical methods, for example, homogenization method, are alternative ways to investigate the equivalent thermal properties. Homogenization is a quite general strategy which predicts the macrobehavior of a medium based on its microstructures and properties. Masonry structure may be approximately considered as a periodic composite continuum; it is made up of two different materials (brick or block and mortar) arranged in a periodic way. The homogenization theory for periodic media allows the global behavior of masonry to be derived from the behavior of the constitutive materials. So far, the homogenization approach has been used to study the mechanical properties of the masonry structure [24] [25] [26] . Few researches have been conducted on the thermal properties by this method. In the following studies, it is expected that homogenization strategy could be successively employed to predict the thermal properties of masonry walls staring from thermal properties and compositional structures of block and mortar.
Conclusion
This study investigates the thermal properties of hollow shale blocks using experimental testing, theoretical calculation, and FEM simulations. The following conclusions can be drawn from this research:
(i) The experimental heat transfer coefficient of hollow shale block walls is 0.726 W/m 2 ⋅K, which meets the design codes and shows their remarkable selfinsulation characteristics compared with other wall materials.
(ii) Using the theoretical formula, the heat transfer coefficient of a single hollow shale block is 0.544 W/m 2 ⋅K, and the heat transfer coefficient of a hollow shale block wall is 0.546 W/m 2 ⋅K. Using the FEM simulation, the heat transfer coefficient of a hollow shale block wall is 0.671 W/m 2 ⋅K. The simplification on both sides of the hollow shale blocks may contribute to the higher experimental heat transfer coefficient.
(iii) The strong heat flow and large temperature gradient mainly appear in the vertical junctions of two blocks because there is no air interlayer along the heat flow direction. The thin mortar joints with a thickness of 2 mm are beneficial to the strong self-insulation performance of hollow shale block walls.
